ABSTRACT: Photo-sulfite reaction is a novel efficient advanced oxidation process for degradation of 2,4,6-trichlorophenol (2,4,6-TCP). In the present work, degradation intermediates and mineralization of 2,4,6-TCP in the photo-sulfite system were examined and the degradation pathways were proposed. Several dechlorinated compounds were identified, as well as some non-chlorinated low molecular weight carboxylic acids. However, the more toxic polychlorophenols and dibenzofuran were also unexpectedly detected, which were thought to decrease the extent of mineralization. The proposed degradation mechanism of 2,4,6-TCP in the photo-sulfite system indicated both de novo formation of polychlorophenols involving the released chlorine atom/chloride ion, and formation of dibenzofuran involving phenol oxidation. The present study might have implications in detoxification of chlorinated organic contaminants by the novel photo-sulfite process.
INTRODUCTION
Recently, advanced oxidation processes (AOPs) based on highly reactive hydroxyl radicals (
• OH) have been found to decontaminate the chlorinated phenolic compounds efficiently (Saritha et •-is a very strong one-electron oxidant (E 0 = 2.5-3.1 V vs. NHE) with a powerful oxidizing ability and good selectivity at a wide pH range (2.0-8.0). Generally, persulfate (PS, S 2 O 8 2-) and peroxymonosulfate (PMS, HSO 5 -) are used as SO 4 •-precursors, both of which can be activated by heat (Antoniou et al., 2010) , UV (Antoniou et , and so on, may pose a hazard for secondary pollution. Consequently, it is of great significance to develop low-cost, high efficient and environmental-friendly SO 4
•--based AOPs for rapid remediation of persistent organic contaminated waters.
In our previous research , an efficient advanced oxidation process, namely photosulfite reaction (i.e. UV-Fe(III)-sulfite) based on the Fe-catalyzed sulfite oxidation and photochemistry of Fe(III) species was reported, the possible reaction mechanism of which was based on two Fe 3+ , which was photolyzed to generate highly reactive
• OH, continuing to decompose the persistent organic pollutants. This novel photo-sulfite technology has proven to be more favorable to degrade 2,4,6-trichlorophenol (2,4,6-TCP) than the alternative Fe(III)-sulfite process ( Figure 1 ) . However, it has not been evaluated whether 2,4,6-TCP could be effectively detoxified to be biodegradable by the photo-sulfite process. Moreover, it is worthy to investigate whether the Cl -released from 2,4,6-TCP via dechlorination could be involved in the re-chlorination (de nova formation), since the co-existing Cl -could be converted to organo-chlorine via both radical and non-radical electron transfer reactions (Grebel et Hence, the objective of the present work was to examine the intermediates and mineralization of 2,4,6-TCP in both Fe(III)-S(IV) and photo-sulfite systems, and the transformation pathways of intermediate products in the photo-sulfite process were proposed. The present work hopefully provides more insight into the treatment of persistent organic wastewater contaminated by chlorinated phenolic compounds.
EXPERIMENTAL

Chemicals
2,4,6-trichlorophenol (2,4,6-TCP, > 98%) was obtained from Acros Organics. Anhydrous sodium sulfite (Na 2 SO 3 , AR) and Ferric sulfate (Fe 2 (SO 4 ) 3 , AR) were both from Sinopharm Chemical Reagent Co., Ltd. Anhydrous pyridine (> 99.8%), hexamethyl-disilazane (> 99 %), and chlorotrimethylsilane (> 99%), all from SigmaAldrich Co., USA, were used as silylating reagents. Methylene dichloride (99.9%) purchased from J & K Technology Co., Ltd. was used in extraction process.
Barnstead UltraPure wa-ter (> 18.2 MΩ•cm) was used in all experiments.
Experimental Procedures
All batch photochemical experiments were conducted in open cylindrical glass tubes each of which hold 50 mL capacity placed inside a cylindrical Pyrex jacket and cooled by circulating water with the reaction temperature maintained at (26
℃ , set in a photochemical reactor (Xujiang Electromechanical Plant, Nanjing, China). A 100 W medium-pressure Hg lamp (maximal emission: 365.0-366.3 nm) was used as the light source. The light intensity of the 100 W mediumpressure Hg lamp at reactor vessel positions was 12.7 ×10 -3 W/cm 2 measured by a UV-A irradiation meter, supplied by Photoelectric Instrument Factory of Beijing Normal University, China. A cutoff filter with λ >365 nm was applied to minimize the direct photolysis of 2,4,6-TCP with UV absorption below 350 nm. All experiments with the initial concentrations of 2,4,6-TCP, Fe(III) and S(IV) of 10 mg/L, 0.1mM and 1 mM, respectively, were explored with an initial pH of (4.00 ± 0.05) under magnetic stirring, and the pH was not controlled during the reaction process. The intermediates identification of 2,4,6-TCP degradation was performed by gas chromatography-mass spectrometry (GC/MS). The total organic carbon (TOC) removal at certain time intervals was measured by a Shimadzu TOC-V CPH analyzer. The other detailed information is available in our previous study ).
RESULTS AND DISCUSSION
Intermediates identification
GC/MS process was performed in order to investigate the major degradation intermediates of 2,4,6-TCP. Either in the Fe(III)-S(IV) system or photo-sulfite system, in addition to the parent 2,4,6-TCP (1), the degradation intermediates could be divided into three groups: (i) dechlorination intermediates, i.e. 2,4-dichlorophenol (2), 2,6-dichlorophenol (3), 4-chlorophenol (4), phenol (5); (ii) more toxic by-products, i.e. one chlorination intermediate (2,3,4,6-tetrachlorophenol (6) ) and one derivative of dechlorinated phenol (dibenzo[b,d]furan (7)); (iii) low molecular weight organic acid, i.e. oxalic acid (8) . However, hexanoic acid (9) was only identified in photo-sulfite system after 120 min. The detailed GC/MS spectra of all the identified intermediates could be seen in our previous study ).
Mineralization of 2,4,6-TCP
The mineralization of 2,4,6-TCP was evaluated through analyzing the TOC removal efficiency. Figure 2 shows that the rate of 2,4,6-TCP mineralization was almost constant in both 30 min and 180 min in the Fe(III)-S(IV) system, since the sulfite in the Fe(III)-S(IV) system was depleted after the reaction time exceeding 60 min, leading to depletion of active species of FeSO 3 + and FeHSO 3 + and termination of the degradation . By comparison, the mineralization rate of 2,4,6-TCP by photo-sulfite reaction increased with the prolonged reaction time (Figure 2 ). Although the sulfite was consumed completely within 30 min, the photo-active iron species spontaneously switched from FeSO 3 + to FeOH 2+ , which was photolyzed by UV irradiation to generate
• OH for degradation of 2,4,6-TCP (Guo et al., 2013) . However, the mineralization rate of 2,4,6-TCP was only ~33% (Figure 2 ) when the degradation rate was more than 90% within 180 min (Figure 1 ), which might be mainly attributed to the inhibition of chloride ions and formation of more persistent intermediates: (i) the released Cl -might compete with 2,4,6-TCP and the intermediates to react with active oxidizing species of SO 4 •-and
• OH, leading to the generation of less active chlorine radicals (Cl 
Proposed reaction pathways
On the basis of the products identified and previous researches (Czaplicka, Figure 3A) Intermediates 2, 3, 4, 5, and 6 were all identified and SO 4 •-was the active oxidizing species in both Fe(III)-S(IV) and photo-sulfite systems. The SO 4
•-can be easily released from the aromatic ring (Anipsitakis et al., 2006) , so it might attack 2,4,6-TCP via addition reaction, and followed by elimination reaction to dechlorinate stepwise to form 2,4-dichlorophenol (2), 2,6-dichlorophenol (3), 4-chlorophenol (4), and phenol (5) ( Figure 3A) .
(ii) Chlorine atom transfer ( Figure 3B ) The co-existing Cl -can be oxidized by SO 4
•-and • OH through a series of chain re-actions to form Cl (iv) Ring cleavage and mineralization ( Figure 3D ) Phenol formed via stepwise dechlorination of 2,4,6-TCP, could undergo ring cleavage and opening by the oxidation of SO 4 •-/ • OH to produce low molecular weight organic acids, i.e. oxalic acid (8) and hexanoic acid (9), which could be finally mineralized to CO 2 and H 2 O ( Figure 3D ).
CONCLUSIONS
2,4,6-TCP can be effectively degraded by the photosulfite reaction. Several dechlorinated compounds and non-chlorinated low molecular weight carboxylic acids were identified by GC/MS. However, some more toxic products, such as polychlorophenols, and dibenzofuran, were also detected. The degradation mechanism of 2,4,6-TCP in the photo-sulfite system was also proposed. The present study indicates that it is possible to de novo form polychlorophenols by the addition reaction of released chlorine atom/chloride ion from dechlorination process, and also to form dibenzofuran in the AOPs involving phenol oxidation. Therefore, the quantitative analysis and toxicity evaluation of these trace toxic by-products should be urgently implemented prior to the large scale application of the novel emerging AOPs. 
